We displayed backward/forward motion on a computer monitor in the ground plane. Subjects looked at the center of a moving pattern and eye movements of both eyes were recorded with a search coil system. Involuntary nystagmus including vertical version (VV) and horizontal vergence (HV) was recorded. Dynamics of the nystagmus showed that the slow and quick phase of VV and HV were always associated with each other while the monocular horizontal eye movements composed of HV were either symmetrical or asymmetrical. Peak velocity, amplitudes and frequency of the VV and HV responses were quantiWed. The results suggest that involuntary HV nystagmus can be induced by simple motion from simulated optic Xow in the ground plane and the HV nystagmus helps moving subjects to stabilize their gazes on the object of interest.
Introduction
A moving observer experiences motion stimuli when he/ she looks oV to one side. The pattern of motion is often referred to as Xat optic Xow (Miles, Busettini, Masson, & Yang, 2004) . For example, a passenger on a train can perceive Xat optic Xow when he/she looks at landscapes through windows. It is well known that such Xat optic Xow evokes ocular following eye movements and optokinetic nystagmus (OKN); horizontal motion of Xat optic Xow induces horizontal OKN and vertical motion induces vertical OKN. In each case both eyes move in the same direction, which are version eye movements (Abadi, Howard, Ohmi, & Lee, 2005; Fletcher, Hain, & Zee, 1990; Garbutt et al., 2003; Miles et al., 2004; Yang & Miles, 2003; Yang & Sun, 1998) . However, it has also been reported that radial optic Xow induces vergence eye movements (Busettini, Masson, & Miles, 1997; Yang, Fitzgibbon, & Miles, 1999) . In these experiments, a sudden decrease (or increase) in viewing distance was simulated on a tangent screen by back-projecting a two-frame movie in which the eccentricity of the individual dots in two random dot patterns was decreased or increased. These optic-Xow-induced-vergence responses were transient and had no saccadic components due to brief presentation of the stimuli. However, in other reports, only version OKN responses to optic Xow were observed (Lappe, Pekel, & HoVmann, 1998; Niemann, Lappe, Buscher, & HoVmann, 1999) . In these experiments, optic Xow stimuli consisting of full-Weld computer-generated sequences (white dots) were back projected onto a tangent screen. Vergence eye movements were not reported. In fact, since Gibson Wrst deWned optic Xow (Gibson, 1950) , investigators have displayed their optic Xow on a back-projected tangent screen, on computer monitors in the frontal plane, or on a head mounted display (Barraza & Grzywacz, 2005; Bertin, Israël, & Lappe, 2000; Frenz & Lappe, 2005; Gilmore, Baker, & Grobman, 2004; Palmisano & Gillam, 2005; Peh, Panerai, Droulez, Valérie, & Cheong, 2002) .
We reviewed the optic Xow stimuli used in the literature and believe that the optic Xow in the ground plane alone may be strong enough to evoke vergence eye movement. We therefore used simple OKN motion stimuli displayed on a monitor in the ground plane to simulate optic Xow and to induce version and vergence nystagmus. Our new stimulus is simple because it is a grating pattern usually used to induce regular OKN responses. However it is important because it induces involuntary saccade-vergence eye movements (Collewijn, Erkelens, & Steinman, 1995) . Compared to voluntary saccade-vergence eye movements, involuntary vergence is less inXuenced by subjective inputs and may have more direct connections with OKN control nuclei, such as the nucleus of the optic tract (NOT) and dorsal terminal nucleus of the accessory optic tract (DTN). Therefore, it may provide new information to better understand the relationship between saccadic version and vergences. Horizontal vergence is usually considered a fundamental component of binocular function. Thus, the involuntary vergence nystagmus might be a new tool in the objective evaluation of binocular function and the investigation of ocular motor development. We will report normal response characteristics of the version-vergence nystagmus to this stimulus. This work builds on a previous report in an abstract form (Yang et al., 2006) .
Materials and methods

Subjects
Five subjects, three authors and two paid voluntary naive subjects who did not know the purpose of the experiments, 25-44 years of age, with normal ophthalmic and ocular motor evaluations as well as normal binocular vision participated in this study. Their best corrected visual acuity was 20/20 in each eye. The protocol and testing was approved by the Institutional Review Board of The University of Pittsburgh. All procedures observed the declaration of Helsinki and informed consent was obtained on all subjects.
Stimuli
Experiments for motion in the frontal plane
For comparison with experiments in the ground plane, a horizontal squarewave grating pattern was displayed on a computer monitor (View Sonic, G220fb) set in the frontal plane. The monitor has a resolution of 2048 £ 1024 pixels and refresh rate of 70 Hz. The size of the pattern was 30°£ 40° at a viewing distance of 47 cm. The width of an individual bar of gratings was 1°. The luminance was 85 cd/cm 2 for the white bar and 0.5 cd/ cm 2 for the black bar. The grating pattern moved up or down at various velocities of 10°/s, 20°/s, 30°/s, 40°/s or 50°/s at the viewing distance of 47 cm. All parameters were preprogrammed with VEX-REX software (from The Lab of Sensorimotor Research, NEI, NIH).
Experiments for motion in the ground plane
The same stimulus pattern used for the frontal plane experiment was positioned face up and 9 cm below eye level. The direction of the motion was thus forward or backward simulating optic Xow in the ground plane. The viewing distance to the center of the stimuli was 25 cm. Subjects tilted their head down by 5° and rotated their eyes down by 15° when they looked at the center of the screen. Velocities of the motion on the surface were 4 , 8 , 12 , 16 , and 20 cm/s (approx.10°, 20°, 30°, 40°, and 50°/s at the middle of the grating stimulus). The grating stimulus was the only pattern visible in the dark room since the frame of the monitor was covered with black board.
Experimental paradigms
Subjects were seated with their heads stabilized on a chin and forehead rest and performed calibration tasks by Wxating on a 0.5° dot displayed at Wve diVerent locations with right eye viewing and left eye viewing separately before each experiment. After the calibration the subject was instructed to look at the center of the stationary pattern and pressed a button to trigger the motion of the pattern which lasted for 5 s in each trial. During the motion, subjects were instructed to obtain a clear image and not to track any single bar. Ten trials (Wve diVerent velocities in two directions) compose one block. Data were also obtained under monocular viewing conditions after binocular recordings were completed. Approximately 30 min were required to record 20 blocks, 10 for binocular viewing and 10 for monocular viewing (right eye patched).
Eye movement recording
Horizontal and vertical eye movements of both eyes were recorded with an electromagnetic technique using scleral search coils embedded in a silastin ring (Remmel Labs). Coils were placed in each eye following application of 1-2 drops of anesthetic (Proparacaine HCl). Coil wearing time for each session was approximately 30 min. The AC voltages induced in the scleral search coils were led oV to a phase-locked ampliWer that provided separate DC voltage outputs proportional to the horizontal and vertical positions of the two eyes with corner frequencies (¡3 dB) at 1 kHz. Interocular distance was measured to the nearest millimeter. Peak-to-peak voltage noise levels were equivalent to an eye movement of 1-2 min of arc. A photocell was positioned on the upper-left corner of the monitor to detect the physical start of motion and to mark the onset of motion of the pattern with a code in eye movement data.
Data analysis
The horizontal and vertical eye position data obtained during the calibration procedure were each Wtted with a third-order polynomial that was then used to linearize the horizontal and vertical eye position data recorded during the experiment proper. The experiment data were then smoothed with a cubic spline function. The polarity of the rightward and upward eye movements were deWned as positive and vergence position was computed by subtracting the position of the right eye from the position of the left eye. This meant that horizontal convergence was positive when the left eye moved rightward with respect to the right eye, or the right eye moved leftward with respect to the left eye. Vergence velocity was obtained by two-point backward diVerentiation of the vergence position data. Version position was an average of the right eye position and left eye position.
Estimates of the amplitude of the version response were obtained by measuring the change in version position from maximum point to minimum point using programs written in MatLab. The same procedure was carried out for the estimates of the amplitude of vergence responses. The measures from all trials were then used to calculate the mean change in version and vergence, respectively, together with the SD, for each stimulus condition.
Results
Ground plane experiment under binocular viewing conditions
The recorded eye movements showed OKN characteristics of ocular tracking slow phases and a corrective quick phase with both vertical and horizontal components. Typical eye movement traces for one subject are displayed in Fig. 1 . As shown in Fig. 1 , vertical and horizontal versions are robust, while vertical vergence eye movements are negligible. This was true for all subjects.
A characteristic feature of the nystagmus is the association of a horizontal vergence and a vertical version. A slow phase of horizontal convergence is always associated with a slow phase of downward vertical version and a slow phase of horizontal divergence is always associated with a slow phase of upward vertical version. This pattern of movement is similar for quick phases: a quick phase of horizontal convergence always occurred with a quick phase of vertical downward version and a quick phase of horizontal divergence always occurred with a quick phase of vertical upward version.
However, when horizontal monocular eye movements are examined in relation to horizontal vergence, horizontal vergence eye movements are formed by symmetrical monocular eye movements (each eye moved in opposite directions and similar velocity) or asymmetrical eye movements (each eye moves in the same direction at diVerent monocular velocities or one eye moves horizontally and the other eye shows no horizontal movements). This is true for both quick phases and slow phases.
The summarized data showing peak velocities for quick and slow phases of the vertical version and horizontal vergence movement from all subjects are displayed in Fig. 2 . The slow phase peak velocity of vertical version movements can be as high as 20°/s and that for horizontal vergence averages 2°/s-3°/s and is as high as 5°/s. The quick phase peak velocities of the vertical version movements are as high as 100°/s-120°/s and for horizontal vergence are as high as 40°/s, averaging 20°/s-25°/s.
Main sequences of horizontal vergence quick phases were analyzed and data from all stimulus velocities for all subjects are shown in Fig. 3 . For the purpose of clarity of data, vertical version quick phases from frontal plane conditions are presented in Fig. 3a and b. For comparison, the horizontal vergence and vertical version quick phases are presented in Fig. 3c and d. In Fig. 3c , the main sequences of amplitude and peak velocity of horizontal vergence quick phases from the ground plane condition overlapped the initial portion of the main sequence of vertical version. In Fig. 3d , the main sequences of amplitude and duration showed a diVerent pattern from that of vertical quick phases.
The amplitudes of vertical version and horizontal vergence were also estimated (see Fig. 4 , solid lines) for all subjects. The data joined by solid lines for binocular conditions shows that the amplitudes of slow and quick phases of the vertical version averages 3° and are as high as 5°; the amplitudes of slow and quick phases of the horizontal vergence averages 0.5° and are as high as 1°.
The frequency of the nystagmus is summarized in Fig. 5 . The frequency averages above 2 Hz and increased slightly as the stimulus velocity increased.
Ground plane experiment under monocular viewing conditions
Version-vergence nystagmus responses were induced under monocular viewing conditions. Summarized peak velocity of vertical version and horizontal vergence for all subjects are shown in Fig. 6 , data in dotted lines. Comparisons were made between binocular condition and monocular conditions with a T-test and the diVerence is not signiWcant (0.15 < p < 0.99).
The amplitudes of vertical version and horizontal vergence were also estimated (Fig. 4 , dotted line for monocular condition) for all subjects. There is no signiWcant diVerence between binocular conditions and monocular conditions (0.24 < p < 0.99).
Frontal plane experiment under binocular viewing conditions
There is no measurable horizontal vergence nystagmus recorded during downward motion. However, sometimes convergence was evoked during upward motion when Wxation point was below the center of the screen (Fig. 7) . Due to the irregularity of these responses, no measurement can be made to get summarized data. The amplitudes and peak velocity of slow and quick phases of vertical version responses were calculated and pooled data from all subjects are shown in Fig. 8a, b and c, respectively.
The amplitudes of upward responses to upward motion are signiWcantly larger than downward responses at all stimulus velocities (p values: 0.00013-0.029). The upward response peak velocities are also signiWcantly higher than downward ones at nearly all stimulus velocities (p values: 0.041-0.0054) except at the velocity of 16 cm/s (p value: 0.065). The amplitudes and peak velocities of upward/ downward saccades to upward/downward motion in the frontal plane conditions is also compared with the peak velocity of upward/downward saccades to forward/backward motion in ground plane conditions. There is no signiWcant diVerence between them (p values: 0.07 and 0.96).
Main sequences of vertical version were analyzed and data from all subjects are shown in Fig. 3a and b (data represented with gray dots). The main sequences of amplitude and peak velocity of vertical version quick phases showed a similar pattern as reported in the literature (Garbutt et al., 2003; Leigh & Zee, 2006) .
Discussion
Using simple motion in the ground plane, we have induced vergence nystagmus comprised of ocular tracking slow phases and corrective quick phases.
Our Wnding that the vergence component, under monocular viewing conditions, was as good as binocular viewing condition suggests that binocular disparity does not play a role in inducing the vergence component of this nystagmus response. Even in the binocular viewing condition, the horizontal black/white square wave grating stimulus does not contain any horizontal disparity. Accommodation may play a role in generating the vergence; however, current opinion is that the role of blur is to serve as the stimulus for the Wne-tuning of accommodation (Cumming & Judge, 1986; Leigh & Zee, 2006) . If any, blur played a minor role.
It has been reported that proximal vergence could contribute as much as about 70% of total vergence demand when disparity and accommodation cues were excluded (Wick & Bedell, 1989) . However, in another report, proximal vergences were generally very small under the various closed loop conditions that simulated more naturalistic viewing situations (Hung, CiuVreda, & RosenWeld, 1996) . Thus, the role of proximal vergence might be dependent on viewing conditions. Although theoretically possible, it is less likely that proximal vergence plays a major role in generating the vergence components of the response. The proximal vergence responses are usually made under subjective Wxation on targets at diVerent distance. In contrast, vergence nystagmus responses are involuntary.
We noticed that active tracking of a single bar could produce strong vergence eye movements (foveal versus non-foveal responses). To minimize this subjective eVect, we instructed our subjects not to track any individual bar, but just to try to obtain a clear motion image. The frequency of this nystagmus response is much higher than that of active tracking OKN reported in the literature (Niemann et al., 1999) .
We think that optic Xow is the main input to produce this type of vergence nystagmus. Using more complicated methods, it has been reported that radial optic Xow elicited by random dot stimuli induces vergence eye movements (Busettini et al., 1997; Yang et al., 1999) . Due to the brief presentation of the stimuli in the previous studies, the amplitude of the optic Xow vergence was small (less than 0.15°) and many trials were needed (more than 100) to obtain clear responses. The amplitude of the vergence responses in these experiments is several times larger than those obtained with random dot optic Xow, due partly to the longer stimulus duration. The summarized data for peak velocities of horizontal vergence quick phase show that the quick phase peak velocity of horizontal vergence was about 20°/s-30°/s, although their amplitudes were about 0.5° (Fig. 2) . This provides evidence to support the notion that vergence is not always a slow eye movement (Leigh & Zee, 2006) . It is not necessary to average the vergence responses as in the previous random dot optic Xow experiments since they are robust enough to be measured with data from a single trial or a few trials.
The dynamical characteristics of horizontal vergence and vertical version eye movements have shown an association between these two systems. That is, a slow phase of horizontal convergence is always associated with a slow phase of downward vertical version and a slow phase of horizontal divergence is always associated with a slow phase of upward vertical version. Quick phases follow the same pattern. However, when horizontal monocular eye movements are examined in relation to horizontal vergence, horizontal vergence is characterized by symmetrical and asymmetrical types of monocular horizontal eye movements. The occurrence of asymmetrical convergence suggests that during binocular viewing each eye can respond independently to that eye's view. Hering believed that both eyes are innervated by common signals that yoke the eye movements (Hering's law of equal innervations). The asymmetrical vergence questions the validity of Herings law of equal innervation. Similar asymmetrical vergences were observed by Enright (1996) . It was also showed by Zhou and King (1998) that premotor neurons in the paramedian pontine reticular formation that were thought to encode conjugate velocity commands for saccades (rapid eye movements) actually encode monocular commands for either right or left eye saccades. The asymmetrical vergence responses may indicate a higher weight of monocular motor control on vergence eye movements under the viewing condition lack of horizontal disparity cues.
The interaction between saccades and vergence is an interesting and unsettled issue. The vergence nystagmus responses induced by motion on the ground plane are involuntary responses and their saccadic quick phases showed a unique pattern in main sequence plots of amplitude and duration. New information might be obtained if the vergence nystagmus is used to study interactions of vergences and versions (Kumar, Han, Dell'osso, Durand, & Leigh, 2005) .
In the report by Lappe et al., there were no vergence OKN responses to optic Xow observed (Lappe et al., 1998; Niemann et al., 1999) . There could be several reasons. Their texture pattern might have provided binocular fusional cues that could have maintained the subjects' vergence on the projection screen. The diVerences between the types of stimuli could be a reason since their stimuli simulating ground Xow were presented on a tangent screen, not on a physical ground plane. We think it is the ground plane stimulus setting that makes a diVerence. In our stimulus setting the face-up screen provides room for vergence angles to vary as the motion stimulus move toward/away or decreasing/increasing viewing distance. Vergence is sensitive to viewing distance change at short viewing distance (25 cm in our study) because vergence angle is inversely proportional to the square of viewing distance. However, the viewing distance was Wxed in Lappe et al's experiment. Another factor is the dependence of optic-Xow vergence on subject's Wxation position. It has been observed that vergence response was strong and version response was weak when the focus of expansion or contraction was almost Wxed; vergence became weaker and version became stronger when the Wxation location shifted away from the focus of expansion or contraction (Miles et al., 2004) . It has been suggested that optic Xow assists moving subjects to stabilize their gazes on the object of interest (Busettini et al., 1997; Yang et al., 1999) . Our Wnding of vergence nystagmus induced by optic Xow on the ground plane supports previous assumptions. Fig. 7 . Representative samples horizontal vergence and monocular eye movements from the frontal plane experiment. Negligible horizontal vergences were displayed for downward motion and some small convergence responses can be seen for upward motion (notice the scales are the same as in Fig. 1 ). See explanations in the text. It is diYcult to see the dotted lines because monocular eye movements are nearly superimposed. Theoretically cyclovergence should also have been induced under the current settings. However, our eye movement recording system did not allow those measurements.
No regular vergence responses were induced in the frontal plane experiment. Poor convergence responses were occasionally evoked during upward motion in the frontal plane experiment (Fig. 7) . We found that this happened when the initial Wxation point was below the center of the screen. The convergence can be explained by reduction of viewing distance during upward tracking on the Xat face of the monitor.
Optokinetic nystagmus (OKN) has been intensively studied to link the OKN responses to binocular function (Schor & Levi, 1980; Shawkat et al., 1995; Steeves, Reed, Steinbach, & Kraft, 1999; Valmaggia, Proudlock, & Gottlob, 2003; Westall, Woodhouse, & Brown, 1989; Westall & Shute, 1992; Wong, Foeller, Bradley, Burkhalter, & Tychsen, 2003; Wright, 1996; Yang & Sun, 1996) . According to our understanding, OKN eye movements reported in those studies are version nystagmus responses, except in the single case of a strabismic monkey where a horizontal vergence component was observed (Yildirim & Tychsen, 2000) . It is interesting that optic Xow vergences had dependence on pre-existing vergence angles (Yang et al., 1999) . This may suggests that optic Xow vergence may be closely related to binocular function. The vergence nystagmus induced by motion on the ground plane may be used as a new tool to objectively evaluate binocular function.
